SUMMARY The analysis for lead of whole-crowns from deciduous incisors has been used as an index of the cumulative exposure to lead of children during the prenatal period and until the time of shedding the tooth. The lead was determined by solvent extraction followed by atomic absorption, and strict analytical quality control was employed. The concentrations of lead in pairs of central and lateral incisors from children revealed unexpectedly large differences for some individuals.
The concentration of lead in whole human teeth and in the constituent matrices, dentine and enamel, have often been used as an index of the cumulative exposure to lead of children during the prenatal period and in early life. Considerably elevated dentine-lead levels have been observed in children who have had lead poisoning and in asymptomatic children living in areas considered to be a high risk for lead exposure.' Environmental surveys in areas that are free from any specific industrial source of lead have revealed differences in tooth-lead concentrations of up to threefold when compared with urban, suburban. and rural subgroups of the surveyed populations."
Frequently, published data on tooth-lead concentrations cannot be compared because different types of tooth and different components of teeth have been analysed. Concentrations of lead are higher for incisors than for other teeth.s and considerable concentration gradients of lead are present not only throughout the bulk tooth but also within the constituent matrices of enamel! and primary and secondary dentines.P Comparisons of tooth-lead data are possible only for those studies in which the matrices that are analysed are defined with sufficient precision to be considered comparable.
This work, which is concerned with the measurement of lead concentrations in teeth for surveys of environmental exposure of children to lead, is presented in three parts: 1 a comparison of the lead concentrations in crowns, roots, and whole teeth using different types of deciduous and permanent teeth as indices of lead exposure; 2 a study of the variation in lead concentrations of central and lateral deciduous incisors from the same child; 3 the distribution of lead concentrations in central and lateral deciduous incisors of children living in environments typical of urban dwellers in the United Kingdom.
With the exception of part 1 the material analysed was the whole-crown of the incisor without any subsectioning into constituent matrices. Deciduous incisors have no roots at the time of shedding. and from the chronology of tooth formation" it may be assumed that the whole-crown will be an index of the cumulative exposure of the child to lead during the prenatal period and in early life because all constituent matrices will be present, that is, enamel and primary and secondary dentine.
In parts of this text discussion of the various types of tooth will, for reasons of brevity, include reference to the alphabetical designation of tooth-type, ie, A for central incisor, B for lateral incisor, C for canine, D for premolar, and E for molar.
To eliminate any effects that the age of the child may have on tooth-lead concentration, all of the children in parts 2 and 3 of this study were aged 6 to 8 years at the time of shedding the teeth. Subjects, materials, and 
Controls
Seven girls and seven boys living in urban or suburban areas that were known to be free from any industrial activity involving lead provided shed or extracted teeth, consisting of 17 teeth with clearly defined crowns and roots, one root (the associated carious crown was discarded), and two teeth, which for reasons similar to those given above could not be separated into crowns and roots.
PART 2
Subjects
Children living in two urban areas of London provided a total of 209 pairs of deciduous incisors, as detailed in Table 1 . The material analysed in this study was restricted to whole-crowns obtained from central or lateral incisors which were healthy, that is, non-carious and devoid of fillings, and shed naturally by the children.
PART 3
The major part of this study was concerned with children living in two areas typical of urban dwellers in the United Kingdom, but in addition incisors from children living in six other areas were studied. Full details are given in Table 2 . ANALYTICAL PROCEDURE In all three studies only sound, healthy teeth were analysed. All carious teeth and those containing fillings were discarded. In part 1 the teeth were sectioned into crowns and roots using a corundum (Al 20S ) cutting disc fitted to a dental hand-piece and motor (J Quayle, Worthing, UK). Each crown • 2 children gave 4 A teeth (group I) 2 children gave 2 A teeth and 2 B teeth and appear in groups I, 2, and3 5 children gave 2 A teeth and 1 B tooth and appear in groups 1 and 3 3 children gave 2 B teeth and I A tooth and appear in groups 2 and 3. Delves, Clayton, Carmichael, Bubear, and Smith and root was subdivided into two or more pieces to allow duplicated analyses. In parts 2 and 3 it was only necessary to subdivide the crowns for duplicate analyses, because no roots were present. X-ray fluorescence spectroscopic analysis of the cutting disc showed the major constituents to be aluminium, titanium, and silicon, with only traces of iron and no detectable lead content." The cutting disc itself did not therefore produce any significant contamination with lead, and extraneous contamination was minimised by covering with parafilm the stainless steel jaws of the vice used to hold the teeth during cutting.
The method described below is that used in parts 2 and 3 of this study. In part I no attempt was made to determine the ash weight of the tooth sample. However, except for minor changes in the size of the container used for ashing the sample to enable an accurate ash-weight to be measured, the method described applies also to part I of this study.
METHOD
Unless stated otherwise all reagents and chemicals were of the highest purity available from BDH Chemicals Ltd, Poole, UK. detergent. The teeth were rinsed free of detergent by washing six times with deionised water and were cut longitudinally into two pieces using the corundum disc rotor fitted to a dental handpiece. Each portion of tooth was again cleaned by soaking in hot Decon 75 solution, rinsing with deionised water, and subsequently dried to constant weight in quartz beakers in a muffle furnace at ioo-c overnight.
(b) Ashing and dissolving teeth samples Each weighed tooth portion was placed in a weighed 3 ml quartz beaker and dissolved by adding 0·5 ml The lead concentrations found in crowns, roots, and teeth for the subject and control groups are given in Table 4 . These data did not fit a Gaussian distribu- same extraction procedure as the teeth samples. Reagent blanks and internal and external quality control samples were all subjected to the same extraction procedure.
Results

(e) Quality control of the analyses
Internal quality control of the analyses was effected by the concurrent analysis of solutions of ashed teeth with the test samples. Participation in an external quality assurance programme allowed some assessment of the validity of the results. These are discussed in detail in the Appendix. 
------------------------------• Three urban areas in London (d) Atomic absorption analysis of lead
The organic phases containing the extracted lead complexes were brought up to the neck of the volumetric flasks by adding deionised water. The upper organic phase was aspirated directly into the nebuliser-burner system of a PE560 atomic absorption instrument for analysis at 283·3 nm using an air/acetylene flame. The signals were expanded 12 X and recorded continuously on a Tekman potentiometric chart recorder. Calibration was achieved using aqueous lead standard solutions containing 0, 0·5, 1·0,2·0, 3·0, 4·0, and 5·0 !Lmol/l which were subjected to the (c) Solvent extraction of lead Duplicate 3·0 ml portions of each solution of ashed teeth were placed in 10·0 ml volumetric flasks to which were added: 4·0 ml of 10 % tn]v ammonium citrate solution prepared from citric acid and ammonia solution and made lead free as described earlier," 35 !Ll of BDH 4·5 indicator solution and then micro litre volumes of 1 M ammonia solution and 1 M hydrochloric acid solution as necessary to adjust to pH 4·5. The lead ions were complexed by the addition of 1 ml of 10% tnlv ammonium pyrrolidine dithiocarbamate (APDC) solution, and the Pb (II) complex was extracted into 0·7 ml of methyl isobutyl ketone, by shaking the flasks for 60 seconds, and leaving the phases to separate. deionised water, 0·5 ml of concentrated nitric acid, and 0·5 ml of concentrated hydrochloric acid. The solution was evaporated to dryness at ISOaC and the residues were ashed at 460 aC for 16 hours. The partly ashed residues were dissolved in 0·2 ml deionised water plus 0·2 ml concentrated nitric acid, evaporated to dryness, and re-ashed at 460 aC for 16 hours (overnight). The residues were weighed to determine the ash weight of the tooth portion and then dissolved by adding 1·0 ml of concentrated hydrochloric acid, evaporated to dryness at 150 aC, and dissolved in 0·35 ml concentrated hydrochloric acid and approximately 2 ml deionised water and warmed. The solutions were transferred quantitatively to 10 ml graduated test tubes and diluted to a final volume of 7·0 ml with deionised water. tion so that the non-parametric Mann Whitney U test 10 was used to assess the significance of any differences in lead concentrations. Within each group there were no significant differences between crown and root lead concentrations (p>O·1) but the subject group had significantly higher concentrations of lead in crowns and in roots (p<O·OOl) PART 2 This part of the study was deliberately restricted to the analysis of central and lateral incisors in order to investigate in more detail the differences in lead than the control group. The lack of any statistically significant difference between crowns and roots within each group allowed these data to be combined with those for whole teeth. These combined data are given in Table 5 and show that the lead concentrations of the subjects' teeth were significantly greater (p<O·OOl) than those for the control children.
A more detailed analysis of matched crowns and roots from the same teeth using Wilcoxon matched pairs test'? showed that the concentration of lead in roots was just significantly greater than that in the associated crowns (p<O·05) for both groups of children. The mean differences between the lead concentrations in matched crowns and roots were 1·1 fLgfg for the control children and 1·5 fLgfg for the subjects.
There was no pre-selection of the type of tooth to be analysed in this initial part of the study so that from the subject group there were only six A teeth and eight B teeth. The data from these were combined to give a group of similar numerical size to those for C, D, and E teeth of 16, 18 , and 32, respectively. There were sufficient numbers to demonstrate the variation in lead concentration between types of teeth ( Fig. 1) . concentrations between pairs of teeth from the same child, because occasionally unexpected large differerences had been observed in such teeth in part ,1.
The concentrations of lead in teeth were determined on both a dry and ash weight basis for 90% of the specimens. It was found that the ash-weight concentrations were approximately 20 %higher than those expressed on a dry-weight basis for both the central incisors (22±3 %) and for the lateral incisors (21±3 %). The majority of results given here are expressed in terms of ash-weight except for some areas studied in the initial phase of part 2 (Table 5) where dry-weight concentrations only are available.
There were no significant differences between the lead concentrations of girls' and boys' teeth for In each case the correlation coefficient was r = 0·74, with T = 8· 12 and 52 degrees of freedom. When data from two children with the very high lead concentrations in A and B teeth were omitted (Nos 0302 and 0345) the correlation coefficient fell type of tooth it is likely that the rate of root resorption will vary from child to child. Deciduous incisors shed at 6 to 8 years are invariably devoid of roots because the resorption process is usually complete by this time. This observation plus that of the higher lead concentrations found in incisors relative to other teeth (Fig. 1) suggest that not only are shed deciduous incisors more likely to be better indicators of environmental exposure to lead, but also that they are anatomically more reproducible from child to child than other teeth. Needleman et af.l 4 have used deciduous incisors in their detailed studies on the effects of environmental exposure to lead on children, as have other workers in surveys of environmental lead pollution.P Our detailed studies of lead concentrations in pairs of teeth from the same child revealed some unexpectedly large differences. The extent to which paired central incisors and paired lateral incisors differed in lead concentrations, and the significance of these differences, may be discerned from A similar treatment of the data for the heterologous A-B pairs (Fig. 3) showed that the frequency at which the observed differences exceeded the limits of XY was 54 % and that the magnitude of these differences was generally greater than that observed for homologous pairs of incisors. In addition, the concentration of lead in the central incisor was generally higher than that found in the lateral incisor provided by the same child. The dotted regression line A = 0·94 (A-B) + 4·81 has an associated correlation coefficient r of 0·63 with T = 5·86 at 52 degrees of freedom.
The relationship between the concentrations of lead in paired A and B teeth (Fig. 4) both central and lateral incisors. In a pilot study of two areas, the mean concentrations of lead in central incisors from 130 boys and 138 girls were 5·2 vst« and 5·3 fLg/g, respectively, and for lateral incisors from 68 boys and 122 girls the respective mean concentrations were 4·6 fLg/g and 4·9 vel«. The standard deviations associated with these measurements ranged from 2·4 to 2·9 fLg/g. The summarised data in Figs. 2, 3 , and 4 are for both sexes treated as a single group and are given in ash-weight terms.
PART 3 The cumulative frequency distributions of lead in deciduous incisors for two urban areas in the United Kingdom are given in Figure 5 . These data are also given in Table 6 together with similar data for six other areas.
Discussion
The initial part of this study shows clearly that the gross concentrations of lead in crowns, roots, or teeth in general may be used to indicate excessive environmental exposure of children to lead (Tables  ' 3 and 4) . However, the slightly higher concentrations of lead in roots relative to matched crowns indicates that for more detailed environmental surveys the degree of root resorption and the subsequent choice of material for analysis will be of considerable importance. The chronology of root resorption varies with the type of tooth,13 and even for one and
to 0·39, with T = 3·0 and 48 degrees freedom. The scatter of results about these lines is great, and in the same child levels of 3-4 flog/g found in a B tooth may be associated with concentrations in an A tooth ranging from 2·2 to 14·2 flog/g. In this discussion we have not considered whether the differences in lead concentrations between paired teeth from the samejaware significantly differentfrom those differences observed between paired teeth from different jaws. The raw data, which are available on request, suggest that greater differences occur more frequently between jaws than for the same jaw but the numbers of pairs of teeth of each type are too small to allow a thorough statistical evaluation.
There are no obvious explanations for our observations of significant differences in lead concentrations of pairs of teeth from the same child. The magnitudes of these differences were too great and occurred too frequently to be associated with analytical error and must be caused by some physiological or anatomical factors that are at present unknown. Nutrition or asymmetrical wear of enamel surfaces during biting and chewing may be contributory factors.
Other workers have not reported such large differences. For example, Pinchin et al. ll found a low relative standard deviation of 4·3-12·4% for the within-subject variation of lead concentrations of five or six molars from each of five children, but these workers did reject one high 'outlier' from the results for one of their subjects. Needleman et al. 14 made reference to non-concordant tooth-lead concentrations in different teeth from the same child, but it is not clear whether these observations are comparable with those reported here. Lockeretz-s has reported large differences in lead concentrations between two teeth from the same child but these were for different types of teeth, that is, incisors, cuspids, and molars. Calculations based on his data indicate that differences in lead concentrations of up to 7·5 flog/g (mean + 2SD) would not be uncommon between two different teeth from the same child.
Our observations must raise questions on the validity of using tooth-lead data to indicate the cumulative exposure to lead of children, if the type of tooth used is not discriminated. Previous studies in which mixtures of different types of teeth have been used to assess exposure must have a degree of unreliability that hitherto was not recognised. The poor correlation between the lead concentrations of paired central and lateral incisors that we have observed would suggest that if a central incisor is a good indicator of cumulative lead exposure then a lateral incisor is not. Our data indicate that the paired central incisors generally have higher lead concentrations than paired lateral incisors and that they may be better indicators of lead exposure than other teeth. The main difficulty in interpreting the lead concentrations in lateral incisors is not the discrimination between high (>8 !Jog/g) or low «2 flog/g) levels but the assessment of intermediate values where the magnitude of the differences in lead concentrations between paired A and B teeth and the frequency at which these differences occur is often greatest.
The use of the whole-crown of the deciduous incisors as a cumulative index of lead exposure is, in our view, more logical than subsections of only one constituent matrix. The whole-crown contains the lead accumulated in enamel, and in primary and secondary dentine, which are formed prenatally and after birth. These views are compatible with those of Al-Nairni et al. I 6 who used charged particle analysis to measure the distribution of lead in teeth. Sectioning 200--1000 !Jo slices of dentine for lead analysis is technically more difficult than simply dividing the tooth into two portions for duplicate analysis and may also be less reproducible because of the substantial concentration gradients of lead that exist within this matrix.
The distribution of lead concentrations in more than 1500 deciduous incisors from children in various areas within the United Kingdom ( Fig. 5 ; Table 6 ) indicates a lower degree of environmental lead exposure for these children relative to those in the United States of America.14 IS The mean concentrations of lead in teeth expressed on a dry-weight basis, where available, are lower than those on an ash-weight, and the values in a rural population are lower than those for the urban children (Table 5) . Except for children in Manchester, for whom only 11 teeth were analysed, the mean concentrations for urban children ranged from 4·1 to 5·6 !Jog/g (ashweight). Our concentration data are similar to those of Pinchin et al. ll 3 included carious teeth in their study but we excluded them from ours. In a recent interlaboratory study of teeth-lead analysis,'! a wide range of values, 4·3-15·5 !Jog/g, was reported for the analysis of a homogeneous tooth power. It is clear, therefore, that unless good analytical accuracy can be demonstrated and laboratories analyse tooth matrices that can be sufficiently precisely defined to be considered comparable, then it is not possible to compare tooth-lead data from different studies.
APPENDIX Quality of the analytical data
The quantitative recovery of lead added to solutions of ashed teeth was established before the analyses were undertaken (Table 6) . With subsequent analyses a strict internal quality control procedure was established in which three solutions of ashed teeth with previously measured lead concentrations were analysed concurrently with each batch of tooth samples. The results for all the internal quality control samples had to be within the specified limits (Table 7) for the analytical run to be accepted. Assessment of this laboratory's performance in an external quality assurance programme may be judged from the data in Figure 7 . This laboratory is coded D, and our results are close to those obtained by mass spectrometry and fall within the range of the most commonly reported values. However, the wide spread of results reported by the participating laboratories does make it difficult to assess the accuracy of the data.
Recovery of added lead
In order to avoid problems of inhomogeneity of tooth samples the recovery experiments were carried out by adding measured volumes, 1.0 ml, of aqueous standard solutions of lead to measured volumes, 10·0 mI, of a solution containing the residues of ashed teeth dissolved in hydrochloric acid. The recovery tests were done in triplicate, and the solutions were taken through the whole of the analytical procedure from ashing to solvent extraction as described. The results are given in Table 6 .
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